A bstract. The methodology, characteristics and application of the sensitive C,H.,-C2H4 assay for N2 fixation by nitrogenase preparations and bacterial cultures in the laboratory and by legumes and free-living bacteria in situ is presented in this comprehensive report. This assay is based on the N9ase-catalyzed reduction of C2Ho to C2H4, gas chromatographic isolation of C2H2 and C9H4, and quantitative measurement with a H,-fiame analyzer. As little as 1 ,u,lmole C..H4 can be detected, providing a sensitivity 103-fold greater than is possible with '-5N analysis.
an evaluation of N, fixation by commercially grown sovbeans based on over 2000 analyses made during the course of the growing season. Assay values reflected the degree of nodulation of soybean plants and indicated a calculated seasonal N2 fixation rate of 30 to 33 kg No fixed per acre, in good agreement with literature estimates based on Kjeldahl analyses. The assay was successfully applied to measurements of N.> fixation by other symbionts and by free living soil microorganisms, and was also used to assess the effects of light and temperature on the No fixing activity of soybeans. The validity of measuring N., fixation in terms of C,H, reduction was established through extensive comparisons of these activities using defined systems, including purified N9ase preparations and pure cultures of N9-fixing bacteria.
With this assay it now becomes possible and practicable to conduct comprehensive surveys of N9 fixation, to make detailed comparisons among different N,.fixing symbionts, and to rapidly evaluate the effects of cultural practices and environmental factors on N, fixation. The knowledge obtained through extensive application of this assay should provide the basis for efforts leading to the maximum agricultural exploitation of the N, fixation reaction.
To meet the imminent crisis in the world food supply (38) it is imperative that the resources of this planet be mobilized as rapidly and effectively as possible. Basic to such mobilization is a knowledge of the magnitude of the dynamic processes in the biosphere which affect the availability of nitrogen, the one element most often limiting in the production of foodstuffs (37) . Of paramount importance in this context is the process of biological nitrogen fixation. Just as photosynthesis utilizes the freely available CO2 of the atmosphere, nitrogen fixation draws on the unlimited supply of atmospheric nitrogen, and its potential role in increasing nitrogen availability has long been recognized. In spite of the importance of N2 fixation very little accurate information is available to define the quantitative extent to which it occurs in the biosphere (35) , 1 Contribution No. 1451. 2 The following abbreviations are used: N2ase for nitrogenase; DTT for dithiothreitol; TES for N-tris (hydroxymethyl) -methyl-2-amino-ethanesulfonic acid; and MES for 2-(N-morpholino) ethanesulfonic acid; DEAE for diethylatninoethyl. (5, 17, 18, 19 (9) . Dried cells were broken by auitolysis as previously described for N2, N,,O, N.-, or HCN reduction experiments (9,17. 19 ). An extremely sharp fractionation of N2ase into its 2 components was produced by modification of an old procedure (29) . Fractions For N2ase preparations dithionite '%vas dissolved in 0..-free water containing a l)re-determined quantity of acid or base to produce a final pH of 7. The energy source and reductant were placed in the sidearm, the extract and other components were placed in the main compartment, and the incubation flask was immediately evacuated. After repeated flushing with the indicated gas, the contents of the sidearm were tipped in to initiate the reaction. For cultures of bacteria, the incubation was initiated by the aseptic addition of the bacteria to the sealed incubation vessel containing appropriate medium and gas phase. The reaction mixture or culture was incubated on a rotary shaker at 300 for the indicated time, and the incubation was stopped by the addition of 0.5 ml of 6 N HOSO4. Samples of gas phase were analyzed with a mass spectrometer utilizing the initial gas phase as an internal standard or with a H,-flame ionization detector after gas chromatographic separation (see below). Nitrogen fixation by N9ase in extracts was measured by titration of NH, after micro-diffusioni (26) (15, 20) is involved in oH> reduction, as has been proposed for N.0 and N.j reductions (17, 19, 21a ('15, 20, 25a) . Figure 5 demonstrates that CO is also a competitive inhibitor of CoH.> reduction by Azotobacter NYase. Furthermore. the similar CO inhibition constants of 2.9 X 10-4 and 3.1 X 10-4 atmosphere for N2 fixation and C.,H2 reduction. respectively, provide indirect support that the substrate-complexin,g site of N2ase (15, 20) is involved in the reduction of CoH. as %-ell as N,. One mnl of culture in early log phase was aseptically added to 4 ml of its niitrogen-free growth media for N.,-grow-n bacteria and its nitrogen supplemented media for NH3-or urea-groN-ii bacteria in a sealed incubation vessel of 40 ml total volume containing the indicated gas phase. Incubation time, 16 hr, temperature, 300. Gas phase assayed chromatographically on ester-amide column. (table IX) .
C,H., Reduction by Selected Biosphere Samiiples Assayed in situ. An effective procedure for the in situt assay of N2-fixing activity of the biosphere via the C.Ho-C,H4 assay is described in this section.
The process is used: 1) to assess requirements, reproducibility, sample variability, and environmental factors that influence C,H,-reducing activity of field-grown soybeans, 2) to quantitate CGH.-reducing activity of field-grown soybeans through one growing season, and 3) to determine C.,H9-reducing activities of free-living organisms in the soil and in the hydrosphere. These results represent (fig  18c and 19c) . Soil for free-living N2 fixation is sampled with a soil borer (1-inch X 15-inch graduated in 3-inch steps). Immediately after collection, samples (45 ml) are transferred to the assay chamber, a 50 ml syringe. The diameter of the assay chamber matches the diameter of the soil bore to promote effective gas exchange, addition and removal. Advantages of this assay chamber include: 1) sufficient size to accommodate a representative sample of a nodulated root or 45 ml soil bore plus gas phase, 2) effective and rapid replacement of air with 20 ml additions of desired aerobic C,H2 gas mixture (0.2 atm C.,H, plus aerobic or anaerobic gas to 1 atm) with sample (steps 5 and 6), and 4) removal and mixing of gas phase at the end of the incubation (step 8), which precludes the requirement for sample inactivation. The determination of C2H2 as well as C2H4 can provide a useful internal standard for detection and correction of gas leaks, elimination of faulty assays and determination of gas volume of sample in the case of soil bores. Gas volume of soil bores was estimated as 50 % of the volume of the soil bore in the results reported here. It is emphasized that CGH, is a very explosive gas and strict safety measures must be taken to eliminate the possibility of ignition (no smoking) during all steps in^volving C.H9. Observed C9H9-reducing activity is converted to a calculated N2-fixing activity on the basis of the ratio of their electron requirements, i.e., 2 electrons for C.,Ho reduction and 6 So-bean root soil bores or soybean nodulated roots collected between 8 to 9 AMi and assayed as in figure 14 , from 0 to 1 hr and agairn from 1 to 2 hr after collection. Each value is average of 5 individual samples. 2 hr  sample  Root soil bore  0  12  12  74  79  158  0  8  9  71  83  113  2  12  11   65   58  191  44  177  166  56  53  3140  Nodulated root  44  752  742  226  223 (fig 18a and 19a) . The fresh weight of nodules per sample was tabulated (fig 18b and  19b) , and the nodular efficiency of C,H., reduction, expressed as mumnoles C,H4 formed per mg fresh weight nodule per day, was calculated (fig 18c and  19c) . The averages of all analyses on an individual day and during each week are shown. Nitrogen fixation, as measured by the C,H.2-C2H4 assay, was found to parallel the nitrogen demand of the plant. Low C2H2-reducing activity occurre(d until macroscopic flowering was observed, althoughl activity could be detected as early as 32 days before this time; the utilization of residual nitrogen fertilizer during this period may have suppressed N2-fixing activity to some extent. Following flowering the C2H2-reducing activity increased continuously, reflecting the increasing nitrogen requirement for pod formation and filling. Average The nodule efficiency was relatively constant during the period from flowering to senescence (fig 18c and 19c) Chester Co., Pa. 0-3" 3-6" 6-9" Georgetown, Del.
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Discussion
The results reported here support the validity of the C2IH2-C.H4 assay as a sensitive and universal analysis for N-fixing activity. (24, 25) and C. pasteurianunt (13, 32) . The inhibition of ATP-dependent H. evolution by Azotobacter N.,ase in anl amount equivalent to the formation of ethylene establishes the electron-activating reaction of N.,ase as the source of electrons for C2,H2 reduction, just as for N., N..O and N2-reductions (15, 20 As recently as 3 years ago Allison (2) found it necessary to state "During the past 50 years much effort has been devoted to the economic evaluation 
